After its production in the testis, a spermatozoon has to undergo posttesticular maturation steps to become fully motile and fertile. The first step is epididymal maturation, during which immature spermatozoa are transformed into biochemically mature cells ready to proceed to the next step, capacitation, a physiological process occurring in the female genital tract. The biochemical transformations include modification of sperm lipid composition during epididymal transit, with significant changes in fatty acids, phospholipids, and sterols between the caput and the cauda epididymal spermatozoa. Although quantitative aspects of these changes are well documented for several mammalian species, molecular mechanisms governing these steps are poorly understood. Transgenic male mice invalidated for the two liver X receptors (LXRalpha and LXRbeta, nuclear oxysterol receptors regulating cholesterol and lipid metabolism) become sterile when aging, showing an epididymal phenotype. We used single-knockout-model mice to characterize the role of each LXR isoform during sperm maturation in the epididymis. We show here that although a certain redundancy exists in the functions of the two LXR isoforms, some physiological processes are more under the influence of only one of them. In both cases, aging males showed slight subfertility, associated with dyslipidemia, emphasizing the importance of lipid metabolism in relation with male fertility.
INTRODUCTION
Male fertility can be reduced in many ways, but it has been estimated that for about 50% of cases the cause is not known [1] . Posttesticular defects may be important, as the spermatozoon is not a fully mature cell after production in the male gonad and posttesticular maturation events are necessary for it to be able to fulfill its mission, moving to meet, recognize, and fertilize the oocyte [2] [3] [4] [5] [6] . These events start in the epididymis, the first organ that sperm cells have to go through when they leave the testis. Molecular changes during epididymal maturation include modification of the sperm plasma membrane lipid content, leading to an increase in membrane fluidity critical for the next maturation step occurring in the female genital tract, i.e., capacitation [7, 8] . Although quantitative lipid changes have been previously documented for several mammalian species, the underlying molecular mechanisms remain largely unknown. Recent advances have been made to improve understanding of the maturation mechanisms concerning cholesterol content, involving a particular class of nuclear receptors, the liver X receptors (LXRs). LXRa (Nr1h3) and LXRb (Nr1h2) are nuclear receptors activated by oxysterols, metabolic derivatives or oxidized forms of cholesterol. They are well-characterized transcription factors regulating cholesterol homeostasis in various cell types, involved in the control of physiological processes such as lipid and metabolic homeostasis, energy utilization, differentiation, proliferation, inflammation, and reproduction [9] [10] [11] [12] .
The two LXR isoforms (LXRa and LXRb) have been invalidated in mice, and Lxra;b À/À males show an agedependent reproductive phenotype. Subfertile when young, Lxra;b À/À males become infertile at 8-9 mo of age. This is the result of a ''composite'' phenotype involving both testicular and epididymal defects [11, [13] [14] [15] . The epididymal phenotype is mainly characterized by cholesteryl ester (CE) accumulation [15] in the proximal caput epididymis (composed of five different segments as described in [16] ), associated with the presence of an amorphous substance in the epididymal lumen [13] . CE accumulation was observed to be more pronounced in both apical cells of the caput epididymal epithelium and peritubular smooth muscle cells [17] . The apical cells of the proximal caput epididymis concomitantly lost expression of the ATP-binding cassette transporter A1 (ABCA1), an important actor of cholesterol efflux to extracellular acceptors such as Apo-A1-containing lipoproteins [14] .Testicular and posttesticular defects led to the observation of broken spermatozoa when they were retrieved from the cauda epididymis of old Lxra;b À/À animals [13] .
The present study investigates whether individual isoforms of the LXRs (LXRa and LXRb) play different functions in epididymal physiology and posttesticular sperm maturation. We used aged male mice (6-14 mo) from strains invalidated for only one LXR isoform (Lxra À/À and Lxrb À/À ), to address this question, and the results clearly showed that, although one isoform can partly compensate for the other, each LXR isoform has particular functions in relation with epididymal physiology.
MATERIALS AND METHODS

Animals
Wild-type (wt) and Lxr-knockout mice (Lxra À/À [10] and Lxrb À/À [18] ) were maintained with a mixed-strain background (C57BL/6:129Sv) and were housed in an animal facility with controlled environment (228C, 12L:12D) and fed ad libitum with Global-diet_2016S (Harlan). Mouse housing and manipulation were approved by the Regional Ethic Committee in Animal Experimentation (C2E2A, authorization CE99-12). For blood sampling, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (100 and 10 mg Á kg À1 , respectively), in order to perform cardiac puncture. After the puncture, mice were killed by cervical dislocation before tissue sampling.
Fertility
A group of male mice at 10, 12, and 14 mo of age were mated with 8-wkold CD-1 wt females (two females per male). Mice were left during 8 days in the same cage; they were then separated and the females were housed in individual cages to follow gestations and deliveries.
Spermatozoa Preparation and Evaluation
Epididymides were removed and, after dissection, the cauda or the caput epididymis was transferred to a small glass dish containing 500 ll of Whitten HEPES medium (20 mM HEPES, pH 7.3, 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 5.5 mM glucose, 1 mM pyruvic acid, 4.8 mM lactic acid; Sigma-Aldrich). To recover sperm cells, repeated punctures with a 26-gauge needle were made. After 10 min of incubation at 378C to allow for sperm cell dispersion, sperm suspensions were recovered. Spermatozoa were counted in a Malassez hemacytometer after dilution of the original cell suspension (1:10 or 1:50 in PBS). Viability was also evaluated: 20 ll of sperm suspension and 20 ll of eosin solution (0.01 g Á ml À1 ) were mixed; 30 sec later, 30 ll of nigrosin suspension (0.07 g Á ml À1 ) was added and the suspension was mixed again. Then, 30 ll of the suspension was spread on a glass slide. After drying at room temperature (18-228C), sperm viability was determined: dead and living spermatozoa had pink-and white-colored heads, respectively. A minimum of 200 spermatozoa was counted per sample. Sperm morphology was evaluated after coloration using the Shorr method [19] , the percentage of broken spermatozoa was evaluated by counting at least 200 cells per slide.
Tissue Preparation and Masson Trichrome Stain
After dissection, tissues were either snap frozen in liquid nitrogen for further use or processed for fixation as follows: tissues were fixed 24 h at 48C in paraformaldehyde 4% in PBS before being rinsed three times in PBS. They were then processed for embedding either in paraffin or in cryosection medium (Neg50; Microm Microtech). Paraffin sections (5 lm) of caput epididymis from wt, Lxra À/À , and Lxrb À/À mice were stained following a classical Masson trichrome staining procedure [20] . Slides were finally mounted using Cytoseal 60 (Electron Microscopy Sciences) as a mounting medium and observed.
Western Blot Analysis
Proteins (30 lg) were separated by SDS-PAGE and transferred onto nitrocellulose membrane (Hybond ECL; Amersham Biosciences). Blots were blocked with 10% low-fat dried milk/0.1% Tween 20/Tris base salt (for glyceraldehyde 3-phosphate dehydrogenase [GAPDH]) or 0.1% Tween 20/Tris base salt-5% bovine serum albumin (BSA; Sigma-Aldrich; for AKT and Phospho-AKT) and then incubated with either anti-GAPDH (1:5000; Novus Biological, Interchim), anti-AKT (1:3000; Cell Signaling, Ozyme), or antiPhospho-AKT (1:3000; Abcam) overnight at 48C. Detection was performed with goat anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated secondary antibodies (1:10 000; P.A.R.I.S) using the ECL Western Blotting Detection kit (Amersham) on hyperfilms (Amersham). Densitometric analyses were carried out using Multi Gauge V3.2 software.
Oil Red O Staining
Cryosections (7 lm) were stained with Oil Red O (Sigma-Aldrich) as previously described [15] , a method commonly used to stain neutral lipids (triglycerides and CEs).
Immunohistochemistry
After deparaffinization and rehydration, endogenous peroxidases were inhibited (30 min in 0.3% H 2 O 2 [Sigma-Aldrich] in water) and sections blocked in PBS-BSA 1% (w/v; Euromedex) for 30 min. Slides were then incubated overnight at 48C with the different primary antibodies: rabbit polyclonal antimatrix-metalloprotease-9 (1:100; Novus Biologicals, Interchim) and anti-Ki67 (cell proliferation marker; 1:1000; Leica), diluted in PBS-BSA (Sigma-Aldrich) 0.1% w/v. Sections were washed 5 min in PBS and incubated 1 h with biotin-SP-conjugated AffiniPure goat anti-rabbit IgG (H þ L) antibodies (1:500 in PBS-BSA 0.1% w/v; Jackson Immuno-research, Immunotech). After a wash in PBS, sections were incubated 30 min with peroxidase-conjugated streptavidin (1:500 in PBS; Jackson Immunoresearch). Color was developed with the Vector NovaRED substrate kit for peroxidase (Vector). Unless indicated, slides were counterstained with Hematoxylin QS (Vector), dehydrated, and then mounted with Cytoseal 60 mounting medium before observation.
In Situ Cell Death Detection (TUNEL Assay)
After deparaffinization and rehydration, paraffin sections (5 lm) were incubated for 8 min in unmasking buffer (trisodium citrate 10 mM, pH 6.0) in a microwave oven. Then the slides were incubated with 0.3 U/ll terminal deoxynucleotidyl transferase (Euromedex), 6.7 mM biotin-11-dUTP (Euromedex), and 26.7 mM dATP (Promega) in terminal deoxynucleotidyl transferase buffer 1 h at 37 C. For the negative control, the enzyme was omitted from the system. Extravidin alkaline phosphatase conjugate (dilution 1:100; Sigma-Aldrich) was added on the slides for 25 min at room temperature. Sigmafast FastRed TR/Naphthol AS-MX (Sigma-Aldrich) was used as substrate according to the manufacturer's instructions. Counterstain was performed with Mayer hematoxylin solution (Sigma-Aldrich) for 30 sec.
Quantification of mRNA by Real-Time Quantitative RT-PCR
Total mRNAs from caput epididymides were isolated using the NucleoSpin RNA II column kit (Macherey-Nagel), according to manufacturer's instructions. RNA (1 lg) was reverse transcribed with Moloney leukemia virus reverse transcriptase and random hexamer primers (Promega) according to the manufacturer's instructions. Quantitative PCR was performed with SYBR Premix Ex Taq II (TaKaRa Bio) on a LightCycler 480 II (Roche). Primer sequences are listed in Table 1 . The relative accumulation level of each mRNA was normalized using 36b4 as a standard, following the comparative Ct method (DDCt method).
Plasma Lipid Dosages
Following cardiac punctures, blood was kept on ice in heparin-coated tubes and centrifuged 15 min at 1500 3 g at 48C, and then plasma was recovered and kept at À808C until use. Analyses were performed on an automated clinical chemistry analyzer (Hitachi Modular; Roche Diagnostic) based on enzymatic colorimetric assays.
Statistical Analysis
To determine whether differences were statistically significant, groups were compared using the Mann-Whitney test. A P value of 0.05 or less was considered to be statistically significant. The software GraphPad PRISM 5 was used to perform the statistical analysis and to generate the associated graphs.
RESULTS
LXR Isoforms Differentially Regulate Cholesterol and Lipid Homeostasis in the Caput Epididymis
Cholesterol and lipid homeostasis are modified in Lxrdouble-knockout animals, provoking a dyslipidemia with an WHITFIELD ET AL.
increase in plasma concentration of low-density lipoproteins (LDLs) [17] . Plasma lipid dosages confirmed that the invalidation of only one LXR isoform triggered a similar situation with a significant increase in plasma LDL levels ( Fig.  1) . We also observed a significant increase in cholesterol and high-density lipoproteins (HDLs) solely in Lxrb À/À animals. Plasma triglycerides were not significantly different in the single knockouts whereas they were significantly different between wt and Lxra;b À/À animals as previously reported [17, 21] . The impact of LXR invalidations on cholesterol and lipid 
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homeostasis in the caput epididymis was first tested by measuring mRNA levels of known LXR-target genes. As shown in Figure 2 , cholesterol and lipid homeostasis were more specifically controlled by LXRb than by LXRa. Messenger RNA accumulation for ABCA1 and ABCG1, two proteins involved in cholesterol efflux, were significantly down-regulated in Lxrb À/À animals. The levels of expression of LDL receptor (LDLR) were slightly up-regulated in Lxra À/À animals compared to wt, whereas the mRNA coding for the inducible degrader of LDLR (IDOL) was down-regulated in Lxrb À/À animals. Expression levels of genes involved in cholesterol biosynthesis and esterification (Srebf2, Acat2, and Hmgcr) were not modified except for a slight down-regulation of Hmgcr in Lxrb À/À animals. Finally, genes controlling fatty acid and triglyceride metabolisms (Srebf1 and Fasn) were also specifically down-regulated in Lxrb À/À animals. Fasn was also significantly down-regulated in Lxra À/À animals but to a lesser extent.
The accumulation of CE in the epididymis and the testis has previously been described in Lxra;b À/À animals as a consequence of cholesterol homeostasis disturbances [17, 22] . We show here that the selective deletion of only one LXR isoform does not have the same effects on this parameter (Fig. 3) . Whereas Lxra À/À animals presented neutral lipid accumulation in peritubular cells surrounding the epididymal tubules and in cells at the basal region of the epithelium, Lxrb À/À animals showed mainly intraepithelial accumulation, located either in the basal region of the epithelium or protruding towards the lumen in a pyramidal shape. The wt mice sometimes showed small inclusions in the basal region of the epithelium in segment 1 (visible in the upper right panel). In both genotypes, small inclusions could be observed in the interstitial tissue between the epididymal tubule sections (see arrowheads in Fig.  3 ). This neutral lipid accumulation is in accordance with the dyslipidemic status shown above.
Both Lxra À/À and Lxrb À/À animals have abnormal neutral lipid accumulation in the epididymis, but their location and underlying mechanisms seem to be different in the two genotypes.
LXR Deletions Modify the Inflammatory Status of the Epididymis
LXRs are known as anti-inflammatory regulators [23] [24] [25] , including during the atherosclerotic process; the inflammatory status of single-knockout male caput epididymis was thus investigated. The mRNA levels of several classical inflammatory mediators were measured by quantitative RT-PCR (Fig.  4) . A significant increase in IL-1b mRNA was specifically observed in the tissues of Lxra À/À animals, whereas IL-6 mRNA was significantly elevated only in the caput tissues of Lxrb À/À males. For tumor necrosis factor a (TNFa), mRNA levels were increased in both genotypes. Matrix metalloprotease 9 (MMP-9) had previously been shown to be accumulated in the caput epididymis of aged Lxra;b À/À males [17] , and more specifically in spots where foam cells could be observed. This was not the case for either Lxra À/À or Lxrb À/À animals, as no staining appeared in the initial segment (IS) or other segments of the caput epididymis (data not shown).
The inflammatory status was differentially modified in the caput epididymis of Lxra and Lxrb knockout male mice. LXR isoforms thus appear to have redundant functions concerning the regulation of inflammation-related genes such as TNFa and MMP-9. LXR isoforms can also have specific anti-inflammatory functions in this tissue, as IL-1b was up-regulated only in Lxra À/À animals and IL-6 up-regulated only in Lxrb À/À animals.
LXR Deficiency Leads to a Discrete Hypofertility in Aging Males
To evaluate the impact of the invalidation of one LXR isoform on fertility and sperm parameters, a follow-up study of males aged 10, 12, and 14 mo was performed with young virgin CD-1 females. After the last mating trial at 14 mo of age, males were killed and cauda epididymal spermatozoa were retrieved to assess sperm count, viability, and morphology. In 14-mo-old males, the invalidation of Lxra appeared to reduce the number of fertilized females (Fig. 5A) whereas no real WHITFIELD ET AL. 
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impact was seen for wt or Lxrb À/À males. Furthermore, a significant decrease was noticed concerning the number of pups per litter at 10 and 12 mo for Lxra À/À males compared with wt (Fig. 5B) . Surprisingly, no statistically significant difference was seen at 14 mo of age, probably because of the reduced number of litters (see table in Fig. 5A ). Sperm analyses revealed that Lxra À/À animals had a significantly higher number of gametes in their cauda epididymis compared to other genotypes, whereas Lxrb À/À animals had a significant decrease compared to wt and Lxra À/À animals (Fig. 5C ). Sperm viability was altered in both Lxra À/À and Lxrb À/À animals, as shown by the significant decreases observed (Fig. 5D ). To understand if the differences in sperm counts were due to testicular and/or epididymal defects, testis were weighed and a sperm count was performed after recovery from caput epididymides of several individuals. There was no significant difference either in testicular weight or in sperm counts in the caput epididymides (Fig. 5, E and F, respectively) . The higher sperm count observed in cauda epididymides of Lxra À/À animals suggested a possible alteration of defective sperm elimination during epididymal transit, as previously described in another model, indoleamine 2,3-dioxygenase (Ido1 À/À ) mice [26] . The percentage of broken sperm cells was significantly higher when spermatozoa were retrieved from the cauda epididymides of both Lxra À/À and Lxrb À/À males as compared to wt animals. However, there was a strong interindividual variation, which was also evident when caput epididymal sperm cells were observed (Fig. 5G) . The individual progressions of the percentage of broken sperm cells during the epididymal transit were graphically represented (Supplemental Fig. S1B ; Supplemental Data are available online at www. biolreprod.org); it was clear that, for the majority of the individuals, this percentage decreased for wt and Lxra À/À males (as expected under normal conditions) whereas the opposite situation occurred for Lxrb À/À animals. The knockout of LXRa resulted in a slight subfertility, characterized by a decrease in the percentage of females conceiving and in the number of pups per litter. It was associated with a significantly higher number of sperm cells stored in the cauda epididymis. The knockout of LXRb also led . Sperm parameters of the same males were evaluated at 14 mo. Data are means 6 SEM from at least 10 individuals (14-mo-old) per genotype for cauda spermatozoa and testis weight, and at least four individuals for caput spermatozoa. a, P , 0.01 versus wt; b, P , 0.05 versus wt; **P , 0.01 versus Lxra À/À (C-F). Spermatozoa collected from 14-mo-old mice caput or cauda epididymis were stained according to Shorr [19] , and the percentages of broken sperm cells were determined by counting at least 200 cells per slide. Each dot represents an individual value and the mean is represented by the horizontal bars. *P , 0.05 between the compared groups as given by the Mann-Whitney test (G).
to a decrease in the number of pups per litter associated with an increase in the percentage of broken sperm cells between caput and cauda epididymis. In both genotypes, older males (12-14 mo) showed reduced male fertility.
LXRa Maintains Epithelium Stability in the Initial Segment of Aging Males
Histological analysis from the two most proximal epididymal segments (IS and segment 2 [S2]) was performed using the Masson trichrome protocol in tissues from 8-, 12-and 14-mo-old animals from each genotype (Fig. 6 ). In the wt group, the histological aspect of the IS was modified in animals aged 12 mo and older, with the appearance of what resembled new tubules forming in the already existing epithelium (indicated by the * in the upper panel of Fig. 6 ). S2 did not show any abnormal histology at the observed ages. The tubule reorganization seen in wt animals was also present in the first segment of Lxrb À/À animals, but appearing earlier, as it was already detected in 8-mo-old animals. This phenomenon was also clearly visible for older animals of this genotype. Segment 2 did not show any abnormality, as for wt animals. The most drastic changes were observed in the epithelium of Lxra À/À animals at 12 mo and older, as a very elevated proportion of new tubules was systematically observed in the IS of these animals. This phenotype could sometimes evolve, at 14 mo of age, into a phenotype close to what was previously described for the double-knockout animals [13] : distended tubules with a thinner epithelium, presence of an amorphous substance and occasionally round cells (arrow) in the lumen, and an abnormally distended interstitial tissue with the presence of numerous infiltrating cells. In these cases the phenotype was generally extended to the S2 as well.
The presence of a large number of neotubules in the IS of Lxra À/À animals at 12 mo of age raised the question of proliferation of the epithelium. Immunohistochemical staining of a proliferation marker, Ki67, was performed (Supplemental Fig. S2A ) and stained nuclei were counted in the IS and reported to the tubule surface (proliferation index, Supplemental Fig. S2B ). The density of stained nuclei did not appear higher in the neotubules of Lxra À/À animals (Supplemental Fig.  S2A ). The proliferation index of the whole IS was similar between wt and Lxra À/À animals, as shown in Supplemental Figure S2B . This index was slightly but significantly higher in the IS of Lxrb À/À animals compared to Lxra À/À animals, but here again the stained nuclei were not at a higher density in the neotubules.
LXRa has a role in the maintenance of the epithelial structure of the IS, whereas LXRb appears to be involved in the regulation of the epithelial proliferation in the IS.
DISCUSSION
It has been known for a long time that the lipid composition of spermatozoa is crucial for their fertilizing potential. This composition is finalized in the male genital tract under the influence of epididymal secretion and reabsorption processes, but the underlying regulatory mechanisms remain largely unknown. The importance of LXRs has been unraveled by several groups and Lxra;b À/À male mice have been described with severe fertility troubles when aging, leading to complete infertility at 9 mo of age. Our group showed that in younger fertile Lxra;b À/À males, the epididymis was highly susceptible to a high-cholesterol diet-induced dyslipidemia, triggering posttesticular-dependent infertility without drastic changes in sperm production by the testes [17] . These data raised the question of the relative functional importance of each LXR isoform in the epididymis, because it was previously demonstrated that they play different roles in the testis [11, 22] .
Plasma lipid profiles of single-LXR-knockout animals revealed that the absence of either isoform provoked a dyslipidemia characterized by a significant increase in circulating LDL (Fig. 1) , similar to the condition present in double-knockout animals. This is in accordance with previously reported data [27] . We also noticed a significant increase in plasma total cholesterol level due to high HDL levels in Lxrb À/À mice (Fig. 1) . This may be related to the fact that LXRa has an important role in the regulation of reverse cholesterol transport essentially via its action on ABCA1-driven cholesterol efflux to Apo-A1 lipid-poor pre-b-HDL by macrophages [10, 28] . The plasma HDL level is thus high in the only dyslipidemic knockout mouse strain valid for LXRa (besides the wt, which shows no dyslipidemia), i.e., the Lxrb À/À mice. In the caput epididymis, LXRs had different impacts on gene regulation: LXRb was involved in cholesterol homeostasis as shown by the expression levels of several genes presented in Figure 2 . Cellular cholesterol efflux was altered as attested by the significant decreases in Abca1 and Abcg1 mRNAs, whereas there were no changes in synthesis and esterification (Srebf2, Acat2, and Hmgcr are not drastically modified). Cellular cholesterol uptake is controlled by the regulation of LDLR by an E3-ubiquitin ligase named IDOL. IDOL induces the posttranslational degradation of the LDLR by the proteasome; thus, the down-regulation of Idol mRNA specifically in Lxrb À/À males shows that this process is under the regulation of LXRb in the mouse caput epididymis. The transcriptional regulation of Ldlr is mainly controlled by SREBP2 [29] , which is not deregulated here, a fact that may explain why the mRNA for LDLR is not decreased. Expression levels of genes involved in fatty acid (Fasn) and triglyceride (Srebf1) synthesis are also impaired in the epididymides of Lxrb À/À males. This is in accordance with previously published data for Srebf1 [15] . Modification of cholesterol and lipid metabolisms led to neutral lipid accumulation, as shown in Figure 3 . The localization of neutral lipid accumulation varied according to the invalidated LXR isoform, a fact that supports the differential genes regulated by LXRs mentioned above. Further investigations will be necessary to understand the relationships between these two aspects.
Within the IS of the epididymis, in all three genotypes, it was interesting to note the formation of neotubules in aging animals. Although the three genotypes were concerned, it was particularly developed in Lxra À/À males. We therefore tested the proliferation status of the epithelium in the IS and found that the proliferation index was slightly but significantly higher in Lxrb À/À animals. The large number of neotubules observed in the IS of Lxra À/À males is thus not related to a difference in the epithelial proliferation status. Expression levels of mRNAs of cell cycle-or proliferation-related genes were measured in the caput epididymis (Supplemental Fig. S3A ). The expression levels of both cyclin D2 (Ccnd2) and B-myc (an important regulator of cell proliferation highly expressed in the epididymis [30] ) were not significantly changed in singleknockout animals. Other proapoptotic or antiapoptotic genes were evaluated (Supplemental Fig. S3A ) and only slight downregulation of the antiapoptotic gene Bcl2 was observed in the caput epididymis of Lxrb À/À animals. The fact that the proliferation index was higher in Lxrb À/À animals suggests that LXR isoforms play different roles in the maintenance of the epithelial structure. This is in agreement with what was shown in the testis, where LXRa regulates apoptosis whereas LXRb regulates cell proliferation [11] . Apoptosis did not seem WHITFIELD ET AL. 
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to be modified in the caput epididymides of single-knockout males, as shown by the negative results for TUNEL staining (Supplemental Fig. S3B) . Recently, an alteration of the epithelial shape was demonstrated in the caput epididymis of mice bearing a conditional deletion of Pten (phosphatase and tensin homolog) in the epithelial cells of the proximal epididymis from Postnatal Day 17 onward [31] . It was characterized by the appearance of epithelial folding, a situation close to what was observed here, and a stimulation of the (RAF1)/ERK signaling pathway was evidenced by an increase in the phosphorylation of AKT (protein kinase B). This hypothesis was tested in our models (Supplemental Fig.  S4 ) and no dysregulation of the phospho-AKT/AKT balance was seen.
Another element that could perturb the epithelial maintenance of the IS in mice lacking LXRa is the proinflammatory environment. Caput epididymides of Lxra À/À males showed increased mRNA accumulations of IL-1b and TNFa, whereas in Lxrb À/À mice the mRNAs for IL-6 and TNFa were significantly increased. An increase in proinflammatory cytokines (including IL-1b, IL-6, and TNF) is correlated with the appearance of epithelial cell proliferation disorders, epithelial-mesenchymal transition, or even malignant transformations in many organs, such as breast [32] , prostate [33] , or testis, for example [34] , and could thus be related to the phenotype observed. Again, the fact that partly different couples of proinflammatory cytokines were promoted in Lxra À/À (IL-1b and TNFa) and Lxrb À/À (IL-6 and TNFa) suggests redundant functions but also distinct ones. No MMP-9 accumulation was seen in Lxra À/À or Lxrb À/À males, whereas we reported earlier a clear involvement of MMP-9 in older Lxra;b À/À animals [17] . It has been shown that LXR activation can antagonize the expression of inflammatory genes downstream of IL-1b and TNFa-mediated signaling [35] . In addition, LXR activation was shown to repress NF-jB target genes such as MMP9 in macrophages [36] .
The phenotypes described herein impact male fertility, a point that was investigated. This study revealed, in our conditions, a decrease in the number of pups per litter in each strain (Fig. 5B) , which differed from what has been reported earlier [11, 22] . This could be related to the fact that we used virgin CD-1 females rather than females from the wt strain [11] or from the corresponding male genotype [22] . The choice of the CD-1 females was made to avoid any potential interference of the female strain on the reproductive efficiency, as fertility troubles had previously been reported for Lxra;b À/À females [37] . The most severe testicular phenotype was reported in 20-mo-old Lxrb À/À males, whereas no phenotype was visible at the same age for Lxra À/À males [22] . This was corroborated by the fact that Lxrb À/À males showed increased lipid accumulation in their Sertoli cells, associated with a lower proliferation rate of the germ cells [11] . Our results are in agreement with these data, as the sperm count was significantly lower for 14-mo-old Lxrb À/À males compared to others (Fig. 5C ). In contrast to Lxrb À/À males, the sperm count was significantly higher for Lxra À/À mice compared to other genotypes. The fact that sperm numbers in the caput epididymides and testis weights were not statistically different in the three genotypes (Fig. 5F ) strongly suggests that the differences in sperm numbers in the cauda epididymides are due to epididymal dysfunctions in singleknockout males. During the epididymal maturation, abnormal spermatozoa are eliminated (Supplemental Fig. S1 ), although the underlying molecular and cellular mechanisms remain unknown and controversial [38, 39] . The higher sperm count observed in cauda epididymides of Lxra À/À males could thus be related to a defect in this process. The proportion of broken spermatozoa shows a tendency to decrease after epididymal transit in these males (Fig. 5G) , suggesting that the ''quality control'' function remains at least partly efficient. The reason for the higher sperm count will thus need further investigation. For the Lxrb À/À males the percentage of broken sperm cells shows a tendency to increase during epididymal transit (Fig.  5G) , suggesting that defects occur during epididymal maturation. It is interesting to note that genes regulating cholesterol homeostasis are specifically down-regulated in these Lxrb À/À males (Fig. 2) . A likely hypothesis to correlate the broken spermatozoa to LXR-dependent maturational defects could be that the sperm plasma membrane is altered in these gametes because of abnormal lipid maturation promoting breakage of sperm. It is interesting to note that a similar sperm phenotype (head-midpiece breakage associated with abnormal lipid composition) was recently reported for the caput epididymis conditional knockout of Dicer1 (the enzyme leading to the production of mature miRNAs [40] ). It will thus be interesting to determine the lipid composition changes occurring in spermatozoa from single-knockout animals.
In conclusion, this study emphasized the fundamental roles of LXR in the male reproductive function, here at the level of the epididymis. LXR isoforms partly play different physiological roles in the mouse proximal epididymis. LXRa somehow controls the maintenance of epithelial integrity in the IS and the number of spermatozoa stored in the distal epididymis, whereas LXRb regulates cell proliferation in the IS and epithelial cholesterol homeostasis that may impact spermatozoa lipid maturation. However, besides these distinct roles, they also show functional redundancy because each single knockout similarly develops an epididymal inflammatory condition, a fragility of the structural aspects of the sperm head, and thus a decreased fertility, especially in aging males.
